Anharmonic vibrational state calculations were performed for PtCO and Ar-PtCO by the direct vibrational configuration interaction (VCI) method based on CCSD(T) energies and CCSD dipole moments at tens of thousands of grids, to get insights to anomalous effect of solid argon matrix on vibrational spectra for PtCO. It was shown that, through a binding of Ar to PtCO with a strong van der Waals interaction, the Pt-C-O bending fundamental level drastically loses the infrared intensity although the corresponding overtone band shows a relatively large intensity. The origin of this phenomenon was analyzed based on the dipole moment surfaces around the equilibrium structure. The present computations have solved the inconsistency between the gas-phase and the matrix-isolation experiments for PtCO.
Introduction
Noble-gas compounds have attracted much attention last two decades. Frenking et al. 1, 2 first predicted existence of neutral species containing a light noble-gas atom, NgBeO (Ng = He, Ne, Ar), by ab initio calculations. Later, the compounds, Ng-BeO (Ng = Ar, Kr, Xe), have been detected experimentally by Thompson and Andrews through pulsed-laser-ablation matrix-isolation spectroscopy. 3 Gerry et al. found that Ng atom makes a stable compound with a coinage metal monohalide, Ng-MX (Ng =Ar, Kr, Xe; M = Cu, Ag, Au; and X = F, Cl, Br) and determined their geometrical structures by microwave spectroscopy. [4] [5] [6] [7] An ab initio study on these compounds showed a qualitative agreement in bond lengths with experiment. 8 There have been a few theoretical studies using highly accurate ab initio calculations for He-BeO 9-11 and He-CuF 12 for predicting spectroscopic constants of He-contained species. Ono et al. reported theoretical calculations that an argon atom possibly combines with NiCO, NiN2, and CoCO, with a binding energy larger than a typical van der Waals interaction. [13] [14] [15] [16] [17] It was shown that the bending frequencies in these compounds increase by 10% due to binding with an argon atom, resulting in good agreement with the corresponding experimental frequencies recorded in solid argon. The spectroscopic constants of possible noble-gas complexes, Ng-Pd-Ng' and Ng-Pt-Ng' (Ng, Ng' = Ar, Kr, Xe), were also examined by highly accurate ab initio calculations. [18] [19] [20] Very recently, theoretical simulations were performed for experimentally observed noble-gas compounds explicitly including the matrix effects, by combining ab initio electronic structure calculations, anharmonic vibrational state calculations, and Monte Carlo simulations. [21] [22] [23] [24] Following theoretical predictions for Ar-NiCO, 13, 16, 17 we previously performed ab initio all-electron calculations for Ar-PdCO and Ar-PtCO by the QCISD(T) method with a Douglas-Kroll relativistic scheme. 25 The electronic ground states of Ar-PdCO and ArPtCO were predicted to be 1  with linear equilibrium structures, and the binding energy with Ar was estimated as 5.3 and 8.2 kcal/mol for Ar-PdCO and Ar-PtCO, respectively.
Similar to the case of Ar-NiCO, the M-C-O (M = Pd, Pt) bending frequency increases by ~10% in Ar-MCO compared to that in MCO, which is consistent with the experimental frequencies for MCO measured in the gas phase 26,27 and in solid argon matrix. 28, 29 In the previous study, however, anharmonic vibrational state calculations were not carried out for Ar-PdCO and Ar-PtCO due to limitations of the computational program, and since then, there has been no theoretical study on fundamental frequencies and overtone bands, as well as on their corresponding infrared (IR) intensities, for Ar-PdCO and Ar-PtCO.
The second-order vibrational perturbation theory (VPT2) 30, 31 and correlation corrected vibrational self-consistent field (cc-VSCF) methods 32, 33 are widely used to compute anharmonic vibrational frequencies, which are cost-effective by treating the anharmonicity with the perturbation theory. However, floppy molecules such as Ng-MCO require a more sophisticated treatment. In particular, our interest is not only on the fundamental levels, but also on the overtones and their associated IR intensities, where the effect of anharmonicity is crucial. Vibrational configuration interaction (VCI) method based on VSCF 34, 35 describes the mixing of VSCF configurations to a higher order and is more accurate. VCI method has been combined with the electronic structure calculation to compute the anharmonic potential (direct VCI method). 36 The direct VCI was previously applied to a CH3 + molecule to determine the rates of spontaneous emission from a CH stretching fundamental level (1) to a lower energy fundamental levels, which are showing purely anharmonic effects. 37 In the present work, we use the direct VCI method to compute the vibrational frequencies and IR intensities of Ar-PtCO.
Computational details
Ab initio electronic structure calculations were carried out to determine the equilibrium structures and harmonic frequencies for the electronic ground state of PtCO respectively. To analyze dipole moment surfaces around the equilibrium structure, natural population analyses were also carried out for both PtCO and Ar-PtCO at the CCSD level with the same basis sets, using Gaussian 16.
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Results and discussion by about 11% in Ar-PtCO, and thus the bonding with Ar alone hardly accounts for the discrepancy.
Table 1 Calculated equilibrium bond lengths and harmonic frequencies for PtCO and Ar-
PtCO at the CCSD(T) level. Experimental data are also given.
Bond length (Å)
Harmonic frequency (cm Table 2 shows the vibrational energy levels and IR intensities (relative intensities are given in parentheses) for the fundamental, overtone, and combination bands obtained by the direct VCI calculation for PtCO and Ar-PtCO. As to the fundamental levels, the Pt-C-O bending mode is a doubly-degenerate mode, and thus, two identical lines are given for (PtCO), and three energy levels are given for the Pt-C-O bending overtone states. For Ar-PtCO, vibrational states related to the modes involving Ar motion are omitted since their intensities are negligible. As for the combination band, only the combination level of (CO) and (PtC) is given since it has a relatively large intensity. Through the comparison of harmonic frequencies in Table 1 and fundamental   frequencies in Table 2 , one can discuss the anharmonic effects on vibrational spectra. In
Ar-PtCO, the CO stretching frequency decreases from 2084 to 2055 cm , which are close to the experimental value for fundamental frequency of the Pt-C-O bending mode. As shown in Table 2 , the IR intensity for the fundamental level was calculated to be 0.0001, while the IR intensity for the overtone level was calculated to be 0.0038. These results suggest that, in the Ar-matrix isolation experiment for PtCO, PtCO makes a compound with a surrounding Ar atom, resulting in generation of Ar-PtCO, and the overtone level of Pt-C-O bending vibration of Ar-PtCO was misassigned as the fundamental level of the Pt-C-O bending mode. Table 2 where Ψ PtCO and Ψ ArPtCO show a relatively large intensity. According to the CI coefficients in the above equations, the VSCF functions of the fundamental levels of stretching vibration do not contribute to the overtone levels of Pt-C-O bending vibration, indicating that Fermi resonance has no contribution to the intensity of the overtone band.
The IR absorption intensity from zero-point vibrational ground state to the nth vibrational state, Bn0, is given by the following equation:
where x, y, and z denote x, y, and z components of the dipole moment determined by the electronic wavefunction, as a function of normal coordinates. Thus, Bn0 can be decomposed to x, y, and z-components, each of which corresponds to the square of the corresponding component of the transition dipole moment. The transition dipole moments, (x)n0, (y)n0, and (z)n0, were obtained by integrating x, y, and z with the vibrational wavefunctions over normal coordinates Q as,
In the double harmonic approximation, the dipole moment is approximated by Taylor expansion up to the first order around the equilibrium structure. In the present study, however, the dipole moments are calculated at the CCSD level at all the grid points for evaluations of the IR integrals. The use of the CCSD dipole moments around the equilibrium structure should account for the disappearance of the fundamental levels and the appearance of the overtone levels of Pt-C-O bending vibration. In other words, a
higher-order polynomial term of the dipole moment (i.e., electric anharmonicity) may be the origin of the anomalous noble-gas effect on vibrational spectrum of Ar-PtCO.
As an example, in a Taylor expansion by normal coordinates {Qi}, the xcomponent of the dipole moments is represented as,
where a subscript "e" denotes the values at the equilibrium structure and N is the number of atoms included. The transition dipole moment for vibrational transition, 0 → n, is written as
In the harmonic approximation, in the first term can have non-zero value for the fundamental level, and the electric anharmonicity terms, and contribute to the overtone and combination bands, respectively. Thus, the first-and second-order derivatives of the dipole moment are the key to understand the behavior of the IR peaks. Table 3 shows x, y, and z-components of Bn0 in Eq. (7) for fundamentals and overtones of Pt-C-O bending vibration in PtCO and Ar-PtCO, calculated by the direct VCI method based on CCSD(T) energies and CCSD dipole moments at VSCF grid points.
For both PtCO and Ar-PtCO, the molecule is located along the z-axis, and the x-and yaxes are oriented orthogonal to the molecular axis. Again, the order of overtone levels is the same as that in Table 2 . As is indicated by Table 3 and (PtCO) is determined to coincide with that for (Ar-PtCO). Blue color denotes an increase of the electron density, while red color denotes a decrease of the electron density. 
Concluding remarks
In this study, we investigated anomalous noble gas effects on PtCO by calculating the IR vibrational spectra for PtCO and Ar-PtCO, with referring the IR vibrational spectra of PtCO measured in the Ar-matrix isolation experiment. The vibrational frequencies (fundamental frequencies, overtone, and combination bands) and the corresponding IR intensities were calculated using the direct VCI methods based on the CCSD(T) energies and CCSD dipole moments at tens of thousands of the grid points around the equilibrium structures, using the SINDO 3. 
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